Among the molecular constituents of cells, carbohydrates have been overshadowed by their more glamorous neighbors, the nucleic acids and proteins. Carbohydrates are usually attached to proteins and to lipids and are carried by them from their sites of synthesis to their destinations inside and outside the cell. One way to assess the importance of these cellular constituents is to consider that several hundred different enzymes are engaged in the biosynthesis of oligosaccharides. Why has the cell gone to all this trouble? All the answers are not yet known, but carbohydrates have been shown to play a role in a multitude of biological processes such as protein folding, stability, targeting, and clearance, as well as cell-matrix and cellcell interactions (Varki, 1993) . One long-standing enigma has been the role of N-linked oligosaccharides that are synthesized as a core unit of 14 saccharides (GIc3MangGIc-NAc2), attaching to asparagines at Asn-X-Ser/Thr sequences while the polypeptide chains are being translocated across the membrane of the endoplasmic reticulum (ER). These core units are then trimmed by a battery of glucosidases and mannnosidases in the ER and in the Golgi complex and are usually further modified by a series of glycosyltransferases in the Golgi apparatus to become terminally glycosylated. Because the core saccharides are the same in all N-linked glycans, these structures provide functional tags common to membrane and soluble glycoproteins and could be used to direct intracellular transport.
In this minireview we will address the role of N-glycans in the biosynthetic pathway from the ER to the cell surface. We will discuss oligosaccharide processing during the folding of newly synthesized proteins in the ER and possible functions of N-glycans in the transport of proteins to the Golgi complex. In addition to the well-understood role of N-glycans in lysosomal protein sorting, we will scrutinize the possibility that plasma membrane proteins and secretory proteins also employ N-glycans as sorting signals for transport from the Golgi to the cell surface in fibroblasts and epithelial cells.
N.Glycans, Protein Folding, and Quality Control
Early studies using tunicamycin, a glycosylation inhibitor, demonstrated that when N-glycan addition to proteins is blocked, most nonglycosylated forms of the proteins accumulate in the ER, aggregate, and do not exit (Olden et al., 1982) . This led to the concept that carbohydrate additions aid protein folding and stabilize protein conformation. Nonglycosylated proteins are more susceptible to proteolyric degradation. Furtherwork demonstrated that glucose trimming in particular seems to have an effect on glycoprorein exit from the ER. The outermost glucose residue in the GIc3MangGIcNAc2 core is removed by glucosidase I, and the two others are removed sequentially by glucosidase II in the E R. The role of the glucose residues in protein folding and quality control has now been clarified by the identification of two lectin-like proteins in the ER: calnexin (Ou et al., 1993; Hammond et al., 1994; Ware et al., 1995) and calreticulin (Nauseef et al., 1995) , the former membrane bound and the latter lumenal. Calnexin binds to proteins trimmed down to the innermost glucose residue. This lectin interaction detains monoglucosylated proteins in the ER until they are properly folded. This is achieved by a cycle of glucosidase II action and reglucosylation by a lumenal UDP-glucose:glycoprotein glucosyltranferase, producing the monoglucosylated form (Hebert et al., 1995 [this issue of Cell] ). The beauty of the scheme is that the glucosyltransferase preferentially acts on unfolded proteins (Sousa et al., 1992) . As soon as the folding process is complete, the deglucosylated protein is free to leave the ER. This elegant work has firmly established that the removal of the three glucose residues of N-linked glycans immediately after their addition to a polypeptide chain serves a general and important function in protein folding and quality control. It should be pointed out that the cell is not entirely dependent on the calnexin/calreticulinmediated folding pathway because there are glycoproteins that can bypass this mechanism (Helenius, 1994) . There seem to be alternative ways involving BiP and other chaperones to fold glycoproteins properly and to monitor the process.
The Role of N-elycans in Biosynthetic Traffic beyond the ER
One striking example of the role that N-glycans play in biosynthetic traffic after proper protein folding in the ER is the mannose-6-phosphate modification of lysosomal enzymes (Kornfeld and Mellman, 1989) . After transport from the ER to the Golgi complex, these proteins are recognized by a UDP-GIcNAc phosphotransferase that specifically binds to a signal patch on the lysosomal protein and then transfers a GIcNAc phosphate to a mannose on the mannose-rich core. In contrast with the ER glucosyltransferase that recognizes unfolded proteins, only native lysosomal proteins will interact with the phosphotransferase. A second enzyme then cleaves off the GIcNAc residue to generate the mannose-6-phosphate marker that binds to mannose-6-phosphate receptors in the trans-Golgi network (TGN). The receptors sort the lysosomal proteins into clathrin-coated vesicles, which deliver the cargo to the endocytic pathway.
When we consider other possible roles for carbohydrate signals in the secretory pathway, one problem is that few studies have tried to differentiate the effects of N-glycans on protein folding in the ER from their role in the subsequent transport events to the plasma membrane. A further dilemma is that only a small n umber of studies have quantified the kinetics of transport from the ER to the cell surface comparing glycosylated and nonglycosylated forms. Moreover, one has to differentiate between the behavior of so-cretory and plasma membrane proteins. Generally, it seems that the requirements for glycosylation are more stringent for membrane proteins. Analysis of the influence of N-glycans on the secretion of eight different glycoproteins from HepG2 cells demonstrated that the transport of five proteins was not dependent on glycosylation (Newton et al., 1987) . There are other examples of such cases as well (Varki, 1993) . On the other hand, scrutinizing published instances of surface glycoproteins not being influenced by inhibition of N-glycosylation, we have come up with only one well-documented example (see Table 1 in Varki, 1993) . Unglycosylated major histocompatibility complex (MHC) class I proteins are delivered with the same kinetics to the cell surface as their normal glycosylated counterparts (Ploegh et al., 1981) . However, all the other cases of plasma membrane proteins claimed to be transported normally to the cell surface seem to require quantitative reanalysis by pulse-chase studies and cell fractionation. The effects of complete removal of N-glycans from plasma membrane glycoproteins by mutagenesis are usually more severe than the effects of removal from secretory proteins. This has been directly demonstrated by modifying nonglycosylated secretory proteins so that they are synthesized with membrane anchors (Guan et al., 1985; Moran and Caras, 1992) . Such membrane-anchored chimeras are not transported to the cell surface; they are either retained in the region intermediate between the ER and the Golgi or in the Golgi complex itself. When novel glycosylation sites are introduced into these chimeric proteins, transport to the cell surface occurs.
Because of the lack of striking effects on exocytosis from studies using glycosylation inhibition, N-glycans were gradually dismissed as sorting signals for proteins destined for the cell surface. Another contributing factor was the postulate that constitutive traffic to the plasma membrane requires no signals (Pfeffer and Rothman, 1987) . Forward transport was assumed to be driven by bulk flow. However, this is an issue that is being debated, and the final answer is not yet known (Balch et al., 1994) . The discovery that a protein recycling between the ER and the Golgi, ERGIC-53 (Schindler et al., 1993) , is homologous to leguminous plant lectins (Fiedler and Simons, 1994) should stimulate efforts to find out whether N-glycans are involved in ER to Golgi traffic. Recent studies demonstrate that ERGIC-53 is identical to a previously defined mannose-binding lectin (Arar et al., 1995) . The function of this protein is not known. The protein could act as a concentrating device to segregate N-glycosylated proteins into carrier vesicles exiting from the ER. Alternatively, the protein could be involved in retrograde traffic, e.g., as a backup mechanism to carry glycosylated misfolded proteins back to the ER. There is another failsafe device that relies on a Golgi endomannosidase that removes remaining Glcl-3Man residues from proteins delivered to the Golgi complex (Lubas and Spiro, 1987) .
If N-glycans are used as sorting signals for anterograde transport, then proteins that are not glycosylated or do not depend on glycosylation for transport to the cell surface have to use other sorting signals or be included in carrier vesicles by default. Proteins synthesized in large quantities, such as immunoglobulins in plasma cells, may not depend on a concentration step for exit from the ER.
Carbohydrates and Protein Sorting in Epithelial Cells
The involvement of N-glycans in traffic from the Golgi complex to the cell surface is in our opinion also not ruled out. In simple epithelial cells, there are apical and basolateral routes from the TGN to the plasma membrane. Recent work has identified sorting signals in the cytosolic domains of basolateral membrane proteins (Matter and Mellman, 1994) . For the sorting of apical transmembrane proteins, the issue is open. The signal must be in the lumenal domain because removal of the membrane anchor with its cytoplasmic tail from an apical protein leads to apical secretion of the anchorless protein, presumably owing to its binding to an apical sorting receptor. One surprising finding is that basolateral mem brahe proteins also seem to have apical sorting information concealed in their lumenal parts because removal of the cytoplasmic domain from a basolateral protein causes delivery to the apical cell surface. The alternative possibility is that apical delivery occurs by default, but this is difficult to reconcile with existing data (Simons, 1995) .
Although a role for N-glycans in sorting of membrane proteins to the apical surface has been rejected on the basis of tunicamycin studies (Green et al., 1981) , a renewed look at this question seems warranted (Matter and Meilman, 1994) . The early analyses were carried out by qualitative methods before precise methodology had been worked out to measure protein delivery in filter-grown MDCK cells. Virus production was used as an another measure; however, this was also not quantified. Later, it was found that the major apically secreted glycoprotein in MDCK cells, clusterin (gp80), is randomly secreted to both sides of the epithelial layer after tunicamycin treatment (Urban et al., 1987) . Similarly, erythropoietin, which is apically secreted in MDCK cells, is discharged equally to both the apical and the basolateral media after removal of its three N-glycosylation sites by mutagenesis (Kitagawa et al., 1994) . A remarkable coincidence is that previous studies transfecting M DCK cells with cDNAs encoding for secretory proteins were all performed with proteins normally lacking carbohydrate (a2-microglobulin, chymosin, growth hormone, K light chain, lysozyme), and these were secreted equally to the apical and the basolateral sides presumably by default (Gottlieb et al., 1986) . Only one exception has been reported: tunicamycin treatment of MDCK cells expressing hepatitis surface antigen did not lead to randomization of release but rather to apical secretion of both glycosylated and unglycosylated forms (Gonzales et al., 1993) . However, because hepatitis surface antigen is secreted as a lipoprotein particle, its secretion may occur by another sorting mechanism than used by most proteins.
The possibility therefore exists that apical secretory proteins employ carbohydrate as a sorting signal. Because anchorless apical membrane proteins are secreted apically, it is not excluded that apical membrane proteins also use N-glycans for apical delivery. If this were the case, then the paradox of basolateral proteins containing a recessive apical signal would be resolved. One would have to postulate that the basolateral signal in the cytosolic domain has a higher binding affinity to its sorting machinery than the putative N-glycan signal in the the lumenal domain to its lectin. All the basolateral membrane proteins revealing apical signals after removal of their dominant cytosolic signals are known to be glycoproteins. On the other hand, basolateral secretory proteins such as laminin would have to bind to basolateral sorting receptors to avoid inclusion into apical vesicles through their N-glycan chains. Glycosylphosphatidylinositol (GPI)-anchored proteins are sorted to the apical surface, but whether it is the GPI anchor itself or the lack of a cytosolic tail or both that are responsible for apical delivery is not yet settled (Matter and Mellman, 1994) . Indeed, the ectodomains of basolateral proteins fused to GPI anchors to elucidate GPI function were glycoproteins.
Interesting in this context is that another legume lectin homolog, VIP36, has been isolated from apical transport vesicles in MDCK cells (Fiedler and Simons, 1994) . In these vesicles VIP36 is a component of a detergentinsoluble complex containing the apical marker protein influenza virus hemagglutinin. It is present in the Golgi apparatus and the plasma membrane, presumably recycling between both. Its putative lectin domain is homologous to the N-terminal domain of ERGIC-53 (Fiedler and Simons, 1994) . However, the glycan ligands that bind to VlP36 remain to be identified. VIP36 could interact with any category of cargo in the apical transport vesicles (glycoproteins, GPI anchors, or glycolipids) and mediate its sorting and delivery to the apical cell surface.
There is another lectin in epithelial cells that seems to function in the transport of iodine-poor thyroglobulin to the follicular lumen on the apical side of thyroid cells (Miquelis et al., 1993) . This protein recognizes GIcNAc residues on the immature thyroglobulin molecules and recycles between the apical membrane and the TGN. The binding characteristics of this lectin provide a mechanism for how the cycle of association and release could be regulated during recycling; binding to thyroglobulin is favored at conditions prevailing in the TGN: low pH and high calcium concentrations.
Delivery of Proteins to the Fibroblast Cell Surface
What about cells, such as fibroblasts, that do not have a stably polarized cell surface? It is well known that proteins that are apical and basolateral in epithelial cells are transported to the cell surface also in fibroblasts. Both GPIanchored proteins and influenza hemagglutinin are plasma membrane proteins in all cells where they are expressed. If the pathway from the TGN to the cell surface operates by default as previously proposed, there is no need to implicate carbohydrates as sorting signals for this route. However, one cannot presently exclude another scenario (Matter and Mellman, 1994 ) that postulates the existence of two routes in fibrobtasts and other animal cells equivalent to the apical and the basolateral routes in MDCK cells. The difference in cell surface transport between polarized cells, such as MDCK cells, and fibroblasts would be the polarization of the delivery to two different surface domains in the former cells. The machinery for the sorting and for the formation of the two different vesicular carriers would be the same. VIP36, for example, is also expressed in fibroblasts. If apical and basolateral cognate pathways indeed existed in fibroblasts, many mutagenesis experiments would appear in a new light. For instance, the removal of the cytoplasmic tail of "basolateral" proteins such as the MHC class I and transferrin receptors would free the carbohydrate signal in their lumenal domains for recognition by the putative apical lectin directing proteins to the apical cognate vesicles. If this were the case, the data on the role of glycosylation have to be reinterpreted. Only "apical" proteins would require carbohydrate for cell surface delivery from the TGN.
If N-glycans indeed play a role in directing protein transport beyond their function in protein folding in the ER, then studies using glycosylation mutants both in cell lines and in knockout mice will set limits for the carbohydrate determinants that could be involved as sorting signals. Mice lacking N-acetyl glucosaminyltransferase I, the transferase that initiates synthesis of hybrid and complex N-linked glycans from MansGIcNAc2Asn in the Golgi apparatus, die at around day 10 of embryonic development (Ioffe and Stanley, 1994; Metzler et al., 1994) . These embryos are capable of blastocyst formation and gastrulation. These results suggest that complex N-linked oligosaccharide chains are not necessary for normal epithelial development. However, whether epithelial protein sorting is normal in these mutant embryos is not yet known. The lack of involvement of carbohydrate residues present in terminally glycosylated N-glycans is also in accord with studies using carbphydrate-trimming inhibitors, which seem not to affect apical sorting. Therefore, if N-linked glycans were used as sorting signals in biosynthetic traffic, the core residues should be considered as possible recognition targets. The role of the peripheral monosaccharide residues may be confined to functions at the cell surface such as cell adhesion or cell-extraceUular matrix interactions or in protein clearance from the circulation (Varki, 1993) .
Obviously, much work remains to be done before the role of N-glycans in biosynthetic traffic is fully understood. However, there is no denying that sweetness is attractive.
